Gallium is one of the most important elements in the electronic industry. Its compounds, such as GaAs and GaN, are used in various high-technology devices, such as laser diodes, analog integrated circuits, semiconductors, and other electronic devices. 1 However, gallium is not found in concentrated deposits, and is usually commercially recovered from bauxites and sphalerite as a byproduct of the manufacture of aluminum and zinc, respectively. Therefore, the recovery of gallium from various industrial materials is a very interesting subject.
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Solvent extraction is commonly used to separate and concentrate gallium(III) from aqueous acidic and alkaline solutions. [2] [3] [4] [5] [6] [7] [8] [9] [10] However, solvent extraction has some disadvantages, such as the need to use toxic and flammable organic solvents, pollution of the aqueous solution by the remaining organic solvent, and the production of toxic liquid wastes. Solid-phase extraction (SPE) is a more environmentally acceptable method than solvent extraction. Moreover, many of the problems associated with solvent extraction can be prevented with SPE, such as incomplete phase separations (micellization and emulsion), the precipitation of an analyte at the liquid-liquid interface and the wall of the extraction-cell, and disposal of large quantities of organic solvents.
Several excellent reviews on the SPE of metal ions have been reported. 11, 12 The uses of synthetic resins combined with a chelating ligand as a functional group, called a chelating resin, are very useful for the SPE of metal ions. [13] [14] [15] [16] However, the synthesis of chelating resins having various ligands is not easy, and somewhat time-consuming.
The impregnation of a chelating reagent as an extractant onto the resins can be used as an alternative to the chelating resins due to a relatively simple preparation. In order to prevent the extractant from leaching from the extractant-impregnated resin, hydrophobic extractants that interact with the resin strongly are often used. Interesting studies of the SPE of gallium(III) using various hydrophobic extractants, such as 1-(2-pyridylazo)naphthol, 17 4-(2-thiazolylazo) resorcinol, 18 5-phenylazo-8-quinolinol, 19 7-dodecenyl-8-quinolinol 20 and 7-(4-ethyl-1-methyloctyl)-8-quinolinol (HEMOQ) 21 were reported. 8-Quinolinol derivatives (HQs) have been widely used as extractants, 22 because they can form stable complexes with various metal ions. In a previous study, we demonstrated that gallium(III) could be quantitatively extracted with HQs from a weakly acidic solution. [23] [24] [25] [26] Moreover, the quantitative extraction of gallium(III) with Amberlite XAD-4 and XAD-7 resins containing 7-dodecenyl-8-quinolinol was reported by Isshiki et al. 20 Cote and co-workers investigated the SPE of gallium(III) with HEMOQ-impregnated Amberlite XAD-2 resin from a 5.0 mol l -1 aqueous NaOH solution. 21 In this study, we investigated the SPE of gallium(III) from acidic and alkaline solutions with hydrophobic HQ-impregnated resins, and found the effect of alkyl-and halogen-substitution in HQ on the extractability of gallium(III) into the resin phase. Moreover, the availability of HQs newly synthesized on the SPE of gallium(III) was clarified.
Experimental

Reagents (synthesis of 8-quinolinol derivatives)
The structures of the HQs used in the SPE are illustrated in Fig. 1 . 5-Chloromethyl-8-quinolinol (CQ), 27 5-octyloxymethyl-8-quinolinol (HO8Q), 28 2-methyl-5-octyloxymethyl-8-quinolinol (HMO8Q), 29 The purities of HQ used in this study were obtained with HPLC as 99.8% for HO8Q, 99.4% for HMO8Q, 99.9% for HBrO8Q, 97.5% for HOEHQ, 95.9% for HN8Q, and 97.2% for HEMOQ.
HEMOQ was supplied from Nippon Light Metal Co., Ltd. A gallium(III) stock solution was prepared by dissolving highpurity metal (Nacalai Tesque, 99.9999%) with hydrochloric acid. In the case of extraction in the alkaline region, the gallium stock solution was evaporated to dryness and dissolved in a NaOH solution. A highly porous resin, Diaion HP-20, which is a styrene-divinylbenzene copolymer, was obtained from Mitsubishi Chemicals Co. (Tokyo, Japan) and used as the solid phase. The physical properties of this resin are: specific surface area, 500 m 2 g -1 ; specific pore volume, 1.3 cm 3 g -1
; average pore diameter, 26.0 nm; particle size, 250 -841 mm. Water was doubly distilled and further purified with a Milli-Q (Millipore) equipment. All other chemicals were of analytical reagent grade.
Apparatus
Stirring of the mixture was performed with an in vitro shaker (SHAKER "MINI" SS-80, Tokyo Rikakiki Co. Ltd.) or a tube rotator (TR-350, AS ONE Corporation). An inductively coupled plasma atomic-emission spectrometer (ICP-AES, Nippon Jurrell Ash ICAP-575) was used for the determination of gallium(III). The pH measurements were performed with a Radiometer PHM93 pH meter.
Preparation of HQ-impregnated resin
Purchased resin was washed with methanol, 5 mol l -1 NaOH, 6 mol l -1 HCl, and acetone in an ultrasonic cleaning equipment each for 10 -15 min, and then dried. The dry resin (1.0 -3.0 g) was immersed in an HQ acetone solution (8 -24 ml). After stirring for 2 h, the resin was filtered and washed with 3 mol l -1 NaOH, 2 mol l -1 HCl, and water, each for 5 min. The wet HQimpregnated resin (HQ-Resin) prepared was preserved in water. In the HBrO8Q case, the HQ-Resin was prepared by the addition of water into an HQ acetone solution in which the dry resin was immersed in order to promote the impregnation of HBrO8Q onto the resin because of the relatively low solubility of HBrO8Q in acetone.
Property of HQ-impregnated resin
A 0.5-g portion of HQ-Resin was immersed in acetone (2.5 ml) and stirred for 1 h. The supernatant liquid was decanted. These procedures were repeated 2 or 3 times. The HQ acetone solution decanted was evaporated and HQ deposited was dissolved in the mixture of methanol or acetonitrile and water. The concentration of HQ was determined by HPLC to calculate the HQ content on the resin. The resins after HQ removal were dried in an oven at 110˚C until a constant weight was obtained. The water content of the resin ([H2O]wet) was calculated from the difference in the weight of the resins.
Solid-phase extraction procedure
An aqueous gallium(III) solution (10 ml, 1.0 ¥ 10 -4 -1.0 ¥ 10 -3 mol l -1 ) and wet HQ-Resin (1.0 g) were taken in a test tube with a glass stopper. After stirring for 24 h, the supernatant was decanted and the pH value of the aqueous solution was measured. Then, the amount of Ga(III) remaining in the solution was determined by ICP-AES to obtain the extraction percentage (%Esp) of gallium(III) to the HQ-Resin. The acid concentration was adjusted to the desired value with HCl or H2SO4. The alkaline concentration was adjusted with NaOH. In the case of pH 1 -3, the ionic strength was kept at 0.1 mol l -1 with HCl and NaCl. The aqueous conditions of 1 -5 mol l -1 HCl, pH 0 -3.3, and 1 -5 mol l -1 NaOH were referred to as the HCl region, pH region, and alkaline region, respectively.
Elution procedure
The elution of gallium(III) from the HQ-Resin was performed as follows. The resins after SPE in the pH and alkaline regions were washed with water, while that in the HCl region was washed with 5 mol l -1 HCl. They were then stirred in an HCl or H2SO4 solution of proper concentration for 1 h in order to elute gallium(III). The eluent was removed off, and the gallium(III) concentration in the eluent was measured by ICP-AES. The elution percentage was calculated using the initial amount of 
Results and Discussion
Analysis of HQ-Resin
The wet HQ-Resin prepared as the solid-phase was evaluated in terms of the HQ concentration in HQ-Resin ([HQ]wet in mol kg -1 ) and the water content of the resin ([H2O]wet in %(w/w)), which were defined as follows:
[HQ]wet = Amount of HQ on wet HQ-Resin (mol) Weight of wet HQ-Resin (kg) ,
[H2O]wet = Weight of water in wet HQ-Resin (kg) Weight of wet HQ-Resin (kg) ¥ 100. (2) Table 1 demonstrates the results of an analysis of HQ-Resins. The HQ concentration in HQ-Resin prepared using a 0.2 mol l -1 HQ acetone solution became higher in the following order: HO8Q < HN8Q < HOEHQ < HMO8Q < HEMOQ. This order may be principally associated with the hydrophobicity of HQ derivatives. They are adsorbed onto the resin by the interaction between HQ and the resin, such as hydrophobic exclusion, CH/p and p/p interaction, and van der Waals force. Although HN8Q seems to be more hydrophobic than HEMOQ and HMO8Q, the [HQ]wet of HN8Q was lower than those of HEMOQ and HMO8Q. This may have been caused because the bulky dioctylaminogroup prevents HN8Q from interacting with the resin. The HQResin, typically of HEMOQ and HMO8Q, could be reproducibly prepared at almost the same [HQ]wet with a relative standard deviation of less than 10%. Moreover, the HQ concentration in HQ-Resin prepared using 0.1 mol l -1 HQ in acetone became almost half that prepared using 0.2 mol l -1 HQ in acetone. This suggests that it is possible to prepare the HQ-Resin at the desired [HQ]wet. In the case of HBrO8Q, it was difficult to prepare the HQ-Resin containing a larger amount of HBrO8Q molecules, because the solubility of HBrO8Q in acetone is lower than those of the other HQs. As shown in the HEMOQ and HMO8Q cases, the [H2O]wet decreased with an increase in [HQ]wet, suggesting that the impregnation of hydrophobic HQ in the pores of the resin is in competition with that of water molecules.
Solid-phase extraction behavior
SPE of gallium(III) was performed using wet HQ-Resin. The %Esp of gallium(III) was defined as
where the subscripts init and f denote the aqueous phases before and after SPE, respectively. The effect of the stirring time on the SPE of gallium(III) was investigated. The %Esp of gallium(III) from an aqueous solution at pH 0.4 or a 3 mol l -1
NaOH solution gradually increased, and reached a constant value at 6 -11 h, while the %Esp from a 3 mol l -1 HCl solution became constant within only 1 h. This difference in the extraction rate is associated with the extraction mechanism or the gallium(III) species extracted, as discussed later. The stirring time in the subsequent extraction experiments were fixed to 24 h to ensure equilibrium. Figure 2 shows the effects of the HCl concentration and the pH on the SPE of gallium(III). The %Esp values were the lowest around 1 -2 mol l -1 HCl. The quantitative extraction was accomplished with HO8Q, HMO8Q, HBrO8Q, HN8Q and HEMOQ at pH 2 in the pH region and with HO8Q, HMO8Q and HEMOQ at 5 mol l -1 HCl in the HCl region. HBrO8Q among HQs gave the highest %Esp value at 1 mol l -1 HCl in spite of the lowest [HQ]wet. The extraction power of HMO8Q was the lowest in the pH region, but was the highest in the HCl region.
A maximum loading test of gallium(III) was performed using the HQ-Resin (1.0 g) containing 52 mmol kg - In the liquid-liquid extraction system, gallium(III) was extracted with HO8Q and HEMOQ in heptane and toluene as Ga(Q)3 in the pH region. 24 Therefore, it is expected that a. Water was added to HQ-acetone solution (6%, v/v).
[HQ]init, Concentration of HQ in acetone. A ratio of the volume (ml) of the HQ solution to the weight (g) of resin was kept to be 8. gallium(III) is extracted with them into the polystyrene phase as Ga(Q)3 in the SPE. Though HEMOQ has a bulky alkyl-group at the 7-position, it can form Ga(Q)3 with gallium(III), implying that the substituent at the 7-position of HQ hardly prevent the reaction with metal ions. Therefore, HBrO8Q which has a bromo-group at the 7-position, may form Ga(Q)3. On the other hand, it was reported that gallium(III) was extracted with HMO8Q in heptane as Ga(OH)(Q)2 or Ga(Cl)(Q)2 in the pH region. 24 Only two HMO8Q molecules react with a gallium(III) ion because the methyl-group at the 2-position generates a steric hindrance. When the concentration of the chloride ion is more than 0.001 mol l -1 , it has been reported that gallium(III) is extracted with HMO8Q as Ga(Cl)(Q)2. Therefore, in the present SPE system, gallium(III) is probably extracted with HMO8Q as Ga(Cl)(Q)2 at pH 2. Table 2 lists the results of the SPE of 1.0 ¥ 10 -4 mol l -1 gallium(III) with the HQ-Resins from the aqueous solution at pH 0.4. When [HQ]wet was almost the same, the extractability for gallium(III) from the aqueous solution at pH 0.4 became higher in the following order: HMO8Q < HO8Q < HOEHQ < HEMOQ < HN8Q < HBrO8Q. In the cases of HEMOQ and HMO8Q, %Esp increased with an increase in [HQ]wet. The low extractability of HMO8Q for Ga(III) can be explained by the steric hindrance by the methyl-group at the 2-position. Since HBrO8Q has an electron-withdrawing bromo-group at the 7-position, the acid dissociation constant of the OH group (pKa,OH) of HBrO8Q should be lower than those of the other HQs. This property is preferred to complex with gallium(III) in a weak acidic solution. Therefore, the extractability of HBrO8Q for gallium(III) was the highest among the HQs used.
Concerning liquid-liquid extraction in the HCl region, it has been reported that gallium(III) is extracted with HEMOQ as an ion-pair H2Q +
GaCl4
-. 30 Therefore, in the present SPE gallium(III) is thought to be extracted with HQ as the ion-pair H2Q Table 2 . When [HQ]wet is almost the same, the extractability for gallium(III) from 3 mol l -1 HCl became higher in the following order: HBrO8Q < HEMOQ < HO8Q < HN8Q < HMO8Q. When the pKa,NH value was calculated using a Hammett-law, 31 the pKa,NH value of HMO8Q was found to be the highest among the HQs used, suggesting that HMO8Q is easy to become the protonated-form (H2Q + ) and to form an ion-pair with GaCl4 -. In contrast, the calculated value (pKa,NH = 2.8) of HBrO8Q is the lowest, resulting in the lowest extractability in the HCl region.
In the highly alkaline region, the extractability of HQs was quite different from that in the acidic region. The effect of the NaOH concentration on the SPE of 1.0 ¥ 10 -4 mol l -1 gallium(III) was investigated with 0.1 mol kg -1 HQs. The %Esp values of gallium(III) at 1 mol l -1 NaOH were almost 100% with HEMOQ and HN8Q, 78% with HO8Q, and only 3% with HMO8Q. The results of the SPE from the 3 mol l -1 NaOH solution are listed in Table 2 . When [HQ]wet was almost the same, the extractability for gallium(III) from 3 mol l -1 NaOH solution became higher in the following order: HMO8Q < HO8Q | HOEHQ < HN8Q < HEMOQ. Since the pKa,OH value of HEMOQ, 10.4, 22 was the highest among those of the HQs used, HEMOQ could form the most stable complex with gallium(III) in a highly alkaline region.
HN8Q demonstrated a relatively high extractability for gallium(III) in all regions (HCl, pH and alkaline). Cote and co-workers revealed in their study that the strong interaction between the resin and the quinoline ring of HEMOQ prevented the extraction of gallium(III). 21 Since the HP-20 used in this study has a similar structure to that of Amberlite XAD-2 used in their study, it is thought that the quinoline ring of HQ interacts with HP-20 strongly. However, the bulky dioctylaminomethyl group of HN8Q may reduce the interaction with HP-20 resin, as pointed out above. It is suggested that HN8Q is easier to form a complex with gallium(III) on the resin than the other HQs.
Elution of Ga(III) from wet HQ-Resin
It is important to accomplish an easy recovery of the metals from HQ-Resin. The elution behavior of gallium(III) from wet HQ-Resin was investigated.
The elution percentages of gallium(III) from the HQ-Resin after SPE in the pH and alkaline regions were obtained with 2 mol l -1 HCl eluent as 97% for HEMOQ, 88% for HN8Q, 88% for HO8Q, 79% for HOEHQ, 71% HBrO8Q and 48% for HMO8Q. The elution percentage of gallium(III) from HMO8Q-Resin was improved to 63% by using 1 mol l -1 HCl eluent. Relatively, high elution percentages of gallium(III) were obtained by using 1 or 2 mol l -1 HCl eluents for all HQ-Resins. On the other hand, the elution percentages of gallium(III) from the HQ-Resin with 2 mol l -1 H2SO4 eluent were 68% for HO8Q, 61% for HMO8Q and 61% for HEMOQ. The elution efficiency with 2 mol l -1 H2SO4 eluent was lower than that with 2 mol l -1 HCl eluent. In the elution of gallium(III) from the HQ-Resin after SPE in the HCl region, however, the elution percentages were obtained with 2 mol l -1 H2SO4 eluent as 95% for HMO8Q, 91% for HO8Q and 87% for HEMOQ. Gallium(III) is easily eluted with 2 mol l -1 H2SO4 from the HQResins, because gallium(III) is extracted as the ion-pair H2Q + GaCl4 -in the HCl region. Consequently, it was found that almost all gallium(III) can be recovered from the HQ-Resins after SPE by repeatedly washing them with suitable acids under the optimum conditions.
Conclusion
In the present study, we investigated the SPE of gallium(III) with six kinds of hydrophobic HQs including newly synthesized ones from aqueous acidic and alkaline solutions. The extractability of gallium(III) with different HQs was clarified. The result obtained in this study demonstrates that the quantitative extraction and recovery of gallium(III) from the diverse aqueous solutions can be accomplished by the optimal selection of the HQ-Resin and the eluent. The SPE proposed in this study can be an alternative separation method of gallium(III) in the conventional extraction. 
